Bacillus subtilis was not inactivated and was able to replicate even though approximately 3 X 104 methyl groups added by methyl methanesulfonate (MMS) were bound to the deoxyribonucleic acid (DNA) of each organism. No significant loss of methyl groups from the DNA occurred for several generations upon incubation of methylated wild-type or MMS-sensitive cells. Single-strand breaks were not observed in the DNA from cells treated at this low MMS dose. Higher doses of MMS resulted in significant killing of both wild-type and MMS-sensitive strains, and the DNA extracted from such treated cells sedimented more slowly than control DNA through alkaline sucrose gradients, indicating the presence of breaks or apurinic sites (or both). These breaks were repaired upon incubation of wild-type but not of MMS-sensitive strains. Repair of damage induced by alkylating agents is probably the repair of breaks which occur as a consequence of high levels of alkylation.
Bacteria and other organisms possess a system which enables them to repair at least a portion of the damage induced by monofunctional alkylating agents (5, 22, 26) . The existence of bacterial mutants sensitive to methyl methanesulfonate (MMS), for example, is prima facie evidence for the existence of repair mechanisms in the wild type (25) . However, although it is well established that repair of alkylation damage does occur, what is actually repaired is not at all clear. Alkylated deoxyribonucleic acid (DNA) is unstable and is degraded both spontaneously (7, 12) and enzymatically (10, 27) . As a result of the stepwise nature of the spontaneous degradation, "alkylated DNA" may be considered to be a mixture of DNA with alkylated sites, apurinic sites, and single-strand breaks. The present study was an attempt to determine exactly what was repaired in repair of alkylation damage. Specifically, we asked the following questions. Cultures were grown in CHT50 medium (4) . Lysates were prepared by collecting the cells by centrifugation, washing, and suspending in 10 ml of 0.01 M tris(hydroxymethyl)aminomethane -ethylenediamine -tetraacetate, pH 8.3. They were then incubated with 0.5 ml of lysozyme (20 Alkylated purines have been identified as a major product of the reaction of DNA with alkylating agents both in vitro (6, 7, 13) and in vivo (12, 16, 17 (21) or to the stabilization of the alkyl groups due to an alkali-catalyzed ring cleavage (13) . The differential heat lability of the alkali-stable 14C counts is taken as further evidence that the methyl groups from MMS are bound to the DNA.
The measurement of the radioactivity fixed to DNA was used to determine the number of methyl groups added. We used the data of Massie and Zimm (14) for the amount of DNA per cell. The calculations indicate that alkylation with 0.22 mM MMS for 60 min results in the fixation of 2.9 X 104 methyl groups per organism or per DNA molecule, since overnight cultures contain uninucleate bacteria. This corresponds to one methyl group per 400 nucleotides.
Since reaction with this level (0.22 mm, 60 min) of MMS caused no decrease in the number of colony-forming units, we wanted to know whether methyl groups added to the DNA by alkylation were removed during incubation of cells. We therefore determined the percentage of counts remaining bound to DNA as a function of the time of incubation in CHT50 medium. Since we were interested in differentiating specific excision of methylated DNA components from random DNA degradation, wild-type and MMS-sensitive cells were prelabeled with 3H-thymidine before alkylation with 14C-MMS. There was very little loss of 14C counts from DNA for up to 170 min of incubation in CHT50 medium (Tables 3-5) . During this time, alkylated cells went through about three divisions (Fig. 1 ). Since the ratios of 14C/3H were constant, there was no specific excision of methylated bases. Similar results were obtained with Escherichia coli B/r ( Table 5) .
The failure to excise methyl groups, even though cells containing over 29,000 such groups were able to divide, implied that DNA with methyl groups added by an alkylating agent repli- Most of the 14C counts were found in a band with a peak density of 1.727 g/ml corresponding to hybrid DNA (Fig. 3) . A fraction, representing about 20% of the total counts, was found at the heavy density, 1.752 g/ml. Since there had been a 60% increase in the number of cells during the period of incubation in light medium, this 20% most likely represents DNA from unreplicated cells. [Actually 25% of the DNA would be unreplicated if there had been a 60% increase in the number of cells. If R represents the fraction of cells which replicate and U the fraction which do not replicate, then:R + U = ,N/No = 1.6 = (2R + U)/(R + U) and R ='0.6. The DNA extracted from the mixture of replicated and unreplicated cells will therefore be a mixture of 75 % (1.2/1.6) replicated and 25% (0.4/1.6) unreplicated DNA.] We assume that "C counts in the region of light DNA are most likely due to protein or other material present at the top of the gradient. Clearly alkylated DNA is able to replicate.
Repair after high doses of MMS. Although alkyl groups are not removed from DNA and alkylated DNA does replicate, we know that alkylation "damage" is repaired since MMSsensitive mutants exist. What is repaired? DNA treated with higher concentrations of MMS in vitro contains apurinic sites and single-strand breaks (7, 28 sedimentation since alkali produces breaks at apurinic sites (9, 29) and exposes single-strand breaks by denaturing the DNA. Apurinic sites or single-strand breaks (or both) were not detected in either wild-type or MMS-sensitive strains after a low dose of MMS (Fig. 4a) . However, at a dose of MMS (25 mm, 20 min) high enough to inactivate, apurinic sites or single-strand breaks (or both) were detected by a decrease in the sedimentation rate through alkaline sucrose (Fig.  4b,c) . Incubation of highly alkylated wild-type cells for 40 min, after alkylation but prior to lysis, resulted in an increase in the sedimentation rate of the DNA to a position intermediate bebetween control and alkylated DNA (Fig. 4b) . Such a shift to a faster-sedimenting component was not seen when alkylated cells of the MMSsensitive strain 168M-5 were incubated (Fig. 4c) .
The DNA synthesized in the first 10 min after treatment with high doses of MMS sedimented more slowly than the DNA synthesized by control cells. At low doses of MMS (0.22 mm, 60 min), newly synthesized DNA sedimented in an equivalent fashion in both control and MMStreated cultures. At higher doses (25 mm, 20 min), the newly synthesized DNA from both resistant and sensitive strains sedimented more slowly (Fig. 5a,b) . Further incubation in the absence of radioactive thymidine, led to a shift of the slowly sedimenting DNA made after MMS treatment to a more rapidly sedimenting component. Some increase in size of newly synthesized DNA did occur on further incubation of the MMS-sensitive strain (Fig. 5b) , but there was less transfer into the very rapidly sedimenting component found in wild-type lysates. These "small" pieces sediment much more rapidly than the fragments reported by Okazaki et al. (15) , but are about the size of the newly synthesized DNA observed in UV-treated bacteria by Rupp and HowardFlanders (23) .
DISCUSSION
Methyl groups added to DNA by alkylation with MMS are stable for several generations (Tables 3-5) , and cells containing methylated DNA are capable of replication (Fig. 1, 3) . The low dose of MMS used in these experiments resulted in neither inactivation nor detectable single-strand breaks (Fig. 4a) (20, 28 of this strain may be attributable to its inability to repair breaks.
The inability of strain 168M-5, and presumably of strains sensitive to monofunctional alkylating agents in general, to repair single-strand breaks probably accounts for their cross-sensitivity to other agents which indirectly (UV-irradiation) or directly (X-ray irradiation) cause single-strand breaks in DNA. The particular enzyme(s) deficient in the MMS-sensitive strain is not known. A mutant of E. coli lacking DNA polymerase has been found to be both UV-and MMS-sensitive (8) , and mutants with deficient ligase activity are UV sensitive (18, 19) . However, strain 168M-5 does have DNA polymerase activity (M. Goulian, personal communication). Some excision process may also be required for MMS repair, since the broken DNA chain will lack a purine if the break has occurred as a result of spontaneous depurination (12) .
The breaks resulting from alkylation could occur as a result of spontaneous depurination or of enzyme action. It is unlikely that the endonuclease specific for UV damage (11) is involved, since UV-sensitive mutants are invariably crosssensitive to bifunctional alkylating agents but not necessarily to monofunctional alkylating agents (25) . An endonuclease specific for alkylation damage and different from the UV-endonuclease has been described (10, 27) , but it is not clear that this alkylation-specific nuclease has anything to do with the in vivo production of alkylationinduced breaks in B. subtilis. In our experiments, methylation at low doses of MMS was to the extent of one methyl group per 400 nucleotides. If the enzyme described by Strauss and Robbins (27) 
